The aim of this work was to investigate the antioxidant property of honeybee products and their constituents using an ESR method. Antioxidative activity was evaluated as the scavenging activity of 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical. The DPPH radical scavenging activities, in descending order, were: ethanol extract of Chinese red propolisϾ Ͼethanol extract of Brazilian green propolisϾ Ͼwater extract of Brazilian green propolisϾ Ͼethanol extract of bee pollen. Many natural compounds are included in Brazilian green propolis, such as caffeoylquinic acid derivatives [3,4-di-caffeoylquinic acid (3,4-CQA), 3,5-di-caffeoylquinic acid (3,5-CQA), and chlorogenic acid (ChA)] and cinnamic acid derivatives [artepillin C, baccharin, r r-coumaric acid, and drupanin]. Caffeoylquinic acid derivatives exhibited DPPH radical scavenging activity as strong as that of ascorbic acid and trolox. Among the cinnamic acid derivatives, artepillin C exhibited relatively strong DPPH radical scavenging activity. Caffeic acid phenethyl ester (CAPE), a constituent of Chinese red propolis, exhibited potent DPPH radical scavenging activity, stronger than that of ascorbic acid and trolox. Caffeic acid, a metabolite of caffeoylquinic acid, exhibited powerful DPPH radical scavenging activity, while quinic acid, another metabolite of caffeoylquinic acid, had no such activity. Both Brazilian and Chinese propolis and their constituents (caffeoylquinic acid derivatives and CAPE) therefore appear to be powerful scavengers of DPPH radical, and the effects may be partly dependent on the nature of their caffeoyl groups.
Reactive oxygen species (ROS) are implicated in a wide range of human diseases including atherosclerosis, stroke, and diabetic retinopathy. When an imbalance between generated ROS and available antioxidants occurs, oxidative damage will spread via free radical generation in many cellular materials (e.g., DNA, lipids, and proteins). 1) For this reason, the chemical natures and quantities of antioxidants in foods and medicinal plants have attracted much interest in recent years.
Propolis, a resinous substance collected by honeybees from various plant sources, is used by the bees to protect the nest entrance against intruders and bacteria. Since ancient times, it has been used as a traditional folk medicine in many countries. In recent studies, a wide range of pharmacological properties were demonstrated for this substance, including antibacterial, 2, 3) anti-oxidant, 4) anti-inflammatory, 5) and antitumor activities.
6) The activity and constituents of propolis vary with its geographical origin, 7) with the differences in its constituents arising essentially due to differences in the plants from which it is sourced. 8) Bee pollen is collected by honeybees as nutrient harvest for the hive. Pollen contains a number of natural compounds such as polyphenols, vitamins, minerals, amino acids, and enzymes. 9) Extracts of bee pollen are thought to be effective in the treatment of prostatic conditions due to their presumed anti-inflammatory and anti-androgenic effects. 10, 11) The high reactivity of most free radicals makes their detection difficult. ESR is a spectroscopic technique that can detect the unpaired electron present in a free radical. As such, it is the only approach (other than enzymic detection using superoxide dismutase) that can provide direct evidence for the presence of a free radical. In addition, the analysis of an ESR spectrum generally enables the determination of the identity of the free radical, through the use of some form of spin trapping. ESR can also be used for measurement of colored and colorless natural compounds, because the method is dependent on the endergonic values of unpaired electron, not on the absorbance.
The 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical has been investigated as a reactive hydrogen acceptor and has been found to be useful for antioxidant determination. Many reports have previously indicated the antioxidative effects of bee products, 12, 13) however, there are few studies about investigations of the DPPH radical scavenging activity of bee products and their constituents using ESR. In the present study, we evaluated the antioxidative activities of bee products and their main constituents (caffeoylquinic acid derivatives, cinnamic acid derivatives, and caffeic acid phenethyl ester) by ESR using DPPH radical scavenging.
MATERIALS AND METHODS
Materials DPPH, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox), ascorbic acid, and r-coumaric acid were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). Caffeic acid was purchased from Wako Pure Chemical Industries (Osaka, Japan). Chlorogenic acid (ChA) and quinic acid were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Royal jelly (RJ), Brazilian green propolis, Chinese red propolis, 3,4-di-caffeoylquinic acid (3,4-CQA), 3,5-di-caffeoylquinic acid (3,5-CQA), 10-hydroxy-2-decenoic acid (10HDA), bee pollen, artepillin C, baccharin, caffeic acid phenethyl ester (CAPE), and drupanin were kind gifts from API Co., Ltd. (Gifu, Japan). Bee Products The propolis used in this study was a Brazilian green propolis (Minas Gerais State, Brazil) originating from Baccharis dracunculifolia 14) while the Chinese red propolis was from Shandong, China. The Brazilian green propolis was extracted either with water at 50°C or with 95% ethanol at room temperature. Chinese red propolis was extracted with 95% ethanol at room temperature. The bee pollen used in the present study originated from Jara pringosa (Cistus ladanifer) and Jara blanca (Cistus albidus) from Spain and was extracted with 95% ethanol at room temperature.
HPLC Analysis The main constituents in ethanol extracts of Brazilian green propolis and Chinese red propolis were analyzed by HPLC, the samples being injected into an HPLC system (Waters, Washington, NJ, U.S.A.) fitted with a Shim-pack CLC-ODS (Shimazu, Kyoto, Japan) C18 column (f6.0ϫ150 mm). The mobile phase consisted of 1% acetic acid in 55% methanol. All constituents were measured at a wavelength of 290 nm.
Sample Solvent In this study, DPPH at 200 mM and samples at various concentrations were dissolved in ethanol. The DPPH solution and sample solution (1 : 1) were vigorously mixed for 10 s, then transferred to an ESR spectrometry cell. The ESR spectrum of DPPH was measured 90 s after mixing. 
15)
Statistical Analysis Statistical comparisons were made using an IC 50 [using STAT VIEW version 5.0 (SAS Institute, Cary, NC, U.S.A.)]. Values of pϽ0.05 were considered statistically significant.
RESULTS
We first measured the DPPH radical scavenging activity of bee products using ESR methods, comparing ethanol and water extracts of Brazilian green propolis. The IC 50 value of the ethanol extract on DPPH radical scavenging activity was two times lower than that of the water extract. We also measured ethanol extracts of Chinese red propolis and of bee pollen. The IC 50 value of Chinese propolis was three times lower than that of Brazilian propolis ethanol extract. On the other hand, the IC 50 value of the bee pollen extract was four times higher than that of Brazilian propolis ethanol extract ( Table 1) . The DPPH radical scavenging activity of royal jelly was not able to be determined, because it was poorly soluble in ethanol.
Brazilian green propolis is composed of a number of natural compounds, such as caffeoylquinic acid derivatives (3,4-CQA, 3,5-CQA, and ChA) and cinnamic acid derivatives (artepillin C, baccharin, r-coumaric acid, and drupanin). The chemical structures of these components are shown in Fig. 1 . Previously, we analyzed the main components included in water and ethanol extracts in Brazilian propolis (Table   2) . 16, 17) In the present study, we analyzed the components included in Chinese red propolis ethanol extracts with HPLC analysis (Table 3) . Caffeoylquinic acid derivatives exhibited strong DPPH scavenging activity, with an effective order of 3,5-CQAϾ3,4-CQAϾChA. Artepillin C, one of the cinnamic acid derivatives, showed DPPH scavenging activity, but the other cinnamic acid derivatives (baccharin, r-coumaric acid, and drupanin) did not ( Table 4 ). The antioxidative activities of 3,4-CQA and 3,5-CQA were almost equal to those of typical antioxidants (e.g., ascorbic acid and trolox). CAPE, a constituent of Chinese red propolis, exhibited potent scavenging activity of DPPH radical, and its IC 50 value was lower than that of ascorbic acid or trolox (Table 4) . Typical ESR spectra of these compounds are shown in Fig. 2 . Concentra- tion-dependency of these compounds against DPPH radical scavenging activity is indicated in Fig. 3 .
As caffeoylquinic acid is metabolized to caffeic acid and quinic acid in human blood serum after administration, we evaluated the antioxidative activities of these compounds as well. The IC 50 value of caffeic acid for DPPH radical scavenging activity was lower than that of ascorbic acid or trolox, but the quinic acid value was much higher ( Table 4) .
We also measured the DPPH radical scavenging activity of 10HDA, a constituent of royal jelly. However, 10HDA did not show any antioxidative activity (Table 4) .
DISCUSSION
In the present study, we evaluated the DPPH radical scavenging activity of bee products (propolis, bee pollen, and royal jelly) using an ESR method. The descending order of antioxidative activities was Chinese red propolisϾBrazilian green propolisϾbee pollen. CAPE, caffeic acid, caffeoylquinic 
Fig. 2. Representative ESR Spectra of the DPPH Radical
The antioxidant effects of (A) 3,5-CQA at 10 and 100 mM, (B) artepillin C at 10 and 100 mM, (C) caffeic acid at 10 and 100 mM, and (D) trolox at 10 and 100 mM against ESR spectra of DPPH radical.
Fig. 3. Inhibitory Effects of Brazilian and Chinese Propolis Constituents on the Spin Concentrations of DPPH Radical
Concentration dependency of DPPH radical scavenging activity of caffeoylquinic acid derivatives, cinnamic acid derivatives, other caffeoyl groups, and typical antioxidants. Symbols: ᭺: CAPE, ᭹: caffeic acid, ᭝: 3,4-CQA, ᭡: 3,5-CQA, ᮀ: artepillin C, : ChA, ᭛: drupanin, ᭜: baccharin, ϫ: r-coumaric acid, ϩ: ascorbic acid, +: trolox. Each value represents the mean of triplicate measurements. Horizontal dotted line indicates the 50% inhibition level. acid derivatives (3,4-CQA, 3,5-CQA, ChA) , and artepillin C exhibited obvious DPPH scavenging activity, but cinnamic acid derivatives (baccharin, r-coumaric acid, drupanin), quinic acid, or 10HDA did not.
In the present study, we compared the DPPH radical scavenging activates of various components in extracts of propolis. In this study, the IC 50 value of ethanol extract in Brazilian propolis was two times lower than that of water extract ( Table  1 ). The components of Brazilian propolis water extract contain caffeoylquinic acid detivatives (3,4-CQA: 6.1%, 3,5-CQA: 4.9%, ChA: 3.6%) more than that of ethanol extract (3,4-CQA: 3.5%, 3,5-CQA: 2.7%, ChA: 0.8%) ( Table 2 ). Artepillin C, a cinnamic acid derivative, is included in ethanol extract of Brazilian propolis (14.0%), however, there are a few contents in water extract of the propolis (0.6%) ( Table 2 ). Both caffeoylquinic acid and artepillin C exhibit strong antioxidant activities. These results indicate that antioxidant activities of Brazilian green propolis may be partly determined by the contents of each component included in each extract, especially caffeoylquinic acid derivatives and artepillin C, and their antioxidant activities. On the other hand, the IC 50 value of ethanol extract of Chinese red propolis was two times lower than that of Brazilian propolis (Table 1) . Caffeic acid is included in Chinese propolis (1.3%) twice as much as that of Brazilian propolis (0.6%) (Table 3) . Moreover, CAPE (1.7%) is specifically included in Chinese propolis ( Table 3) . As caffeic acid and CAPE exhibited strong antioxidant activity compared with trolox an ascorbic acid, the powerful antioxidant activity of Chinese red propolis may be partly dependent on its components (caffeic acid and CAPE).
Previously, we measured the intracellular antioxidative activity of Brazilian green propolis constituents in retinal ganglion cells, and found strong radical scavenging activities against superoxide, hydroxyl radical, and hydrogen peroxide, due to caffeoylquinic acid derivatives (3,4-CQA, 3,5-CQA, and ChA) and artepillin C. 18) Similarly, our present study indicates that caffeoylquinic acid derivatives and artepillin C are capable of scavenging extracellular DPPH radical, and that the measured IC 50 values of 3,4-CQA and 3,5-CQA were equivalent to that of ascorbic acid. These results suggest that caffeoylquinic acid derivatives and artepillin C may be beneficial antioxidants for counteracting various kinds of radicals under intracellular and extracellular conditions. Angiogenesis, the formation of new vessels from preexisting endothelium, is stimulated by ROS (such as hydrogen peroxide). 19) Kuroki et al. have reported that vascular endothelial growth factor expression is induced by ROS both in vitro and in vivo. 20) On the other hand, the anti-angiogenic effects of typical antioxidants, such as ascorbic acid and vitamin E, are dependent on their antioxidative properties. 21, 22) These reports indicate that ROS may be an important factor in angiogenesis. In the present study, we found that artepillin C and CAPE exhibited obvious antioxidative activity, and these compounds have also been reported to suppress angiogenesis in vitro and in vivo. 23, 24) Therefore, potent antioxidants such as caffeoylquinic acid derivatives may be beneficial therapeutic agents for prevention or treatment of angiogenesis.
Chlorogenic acid is metabolized to caffeic acid and quinic acid in human serum. 25) In the present study, caffeoylquinic acid derivatives and caffeic acid dramatically reduced DPPH radical, while quinic acid was ineffective. Within an organism, chlorogenic acid may exhibit antioxidative activity equivalent to that of caffeic acid. In addition, caffeic acid includes a catechol structure, which contributes to antioxidative activity. These results suggest that the antioxidant properties of caffeoylquinic acid derivatives may be in part dependent on their caffeic acid groups. This idea was supported by the observation that the DPPH radical scavenging activity of the di-caffeoylquinic acids (3,4-CQA and 3,5-CQA) was 5 fold stronger than that of the mono-caffeoylquinic acid (ChA).
A number of kinds of prenylated products, such as saturated prenyls, prenyl flavonoids, and prenylated proteins exist in nature; however, their function is not fully elucidated. [26] [27] [28] In the present study, we compared three kinds of prenylated cinnamic acid derivatives (artepillin C, baccharin, and drupanin) with respect to their DPPH radical scavenging activity. Artepillin C showed DPPH radical scavenging activity, while the other two (baccharin or drupanin) did not. These findings indicate that 3-prenyl chain of cinnamic acid may be important for its antioxidative activity.
In this study, we also measured the antioxidant effects of bee pollen and 10HDA, a major constituent of royal jelly. Bee pollen extracts showed antioxidative effects, but 10HDA did not. As pollen includes many kinds of flavonoids, carotenoids, and vitamins, pollen may also be a useful supplement for preventing oxidation.
In conclusion, the DPPH radical scavenging activities of Brazilian green propolis and Chinese red propolis were stronger than those of other bee products (e.g., bee pollen). Their antioxidative activities may be dependent on the presence of caffeoylquinic acid derivatives, CAPE, and caffeic acid. These results indicate that caffeoyl groups may be important constituents that give rise to the antioxidative activities of propolis.
